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1. Introduction 
Foodborne illness as an outcome after the ingestion of contaminated food products indicate a 
broad group of illnesses caused by pathogenic microorganisms, chemical and physical 
contaminants which can contaminate food at several points during production and preparation 
process. Although the research in this field have been very intensive during the last decades with 
the same trend that will continue in future, and many preventive and control measures that have 
been already applied in the food industry, the number of food-borne illness stays at unacceptably 
high level (Havelaar, et al., 2010). There are several reasons for this. Firstly, advances in the 
food microbiology allowed more food-borne pathogens to be identified (e.g. Escherichia coli 
O157:H7, Listeria monocytogenes, Cronobacter sakazaki). Some known pathogens have express 
unexpected characteristics regarding survival/growth and occurrence in food not commonly 
associated with the specific pathogen (e.g. E. coli O157:H7 was found in fresh produce, apple 
cider, cookie dough). Additionally, consumers’ demands have changed, nowadays consumers 
prefer more fresh-like food with unchanged natural properties with long shelf-life, and 
demographic characteristics including age, gender, education and income have also changed. All 
above mentioned factors create the environment where food producers and scientists are facing 
new challenges and constantly search for new and enhanced preservation treatments to improve 
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microbial safety of food products. 
Different food preservation treatments are used to maintain edible food products for human 
consumption. Preservation treatments are meant to slow down or inhibit chemical deterioration 
and microbial multiplication in food, including both pathogenic and spoilage microorganisms. 
The growth of microorganisms is affected by intrinsic (pH, oxidation-reduction potential, water 
activity, natural antimicrobials, and barriers) and extrinsic factors (atmosphere, temperature, 
humidity) in food. The traditional preservation treatments include temperature reduction (chill or 
frozen storage), water activity reduction (drying, curing), reduction in pH values (fermentation or 
addition of acids), removal of available oxygen (vacuum or modified atmosphere), changing the 
atmosphere in packaging or addition of different preservatives. Along with these inhibitory 
treatments, the food industry successfully applies treatments with the aim to reduce or 
completely inactivate present microorganisms in food. Although the traditional and most utilized 
heat treatment, being pasteurisation and sterilization, is effective in obtaining and keeping safety 
of food products, often the quality of these foods are shifted from natural fresh-like taste and 
natural nutritional values. Heat treatment may result in thermal inactivation of some food 
enzyme and destruction of food constituents, resulting in compromised food sensorial and 
nutritional characteristics of final products. Therefore, heat treatment is not only energy intensive 
but, unfavorably affects flavor, chemical composition and nutritional quality of the treated food. 
Consumers’ demand for less-processed, fresher-tasting, nutritive foods without the use of heat or 
chemical preservatives and safe food products has presented particular challenges to food 
processors. In order to adapt to consumers’ changed requirements, food preservation treatments 
are constantly developing and nowadays alternative, non-thermal, mild, novel food processing 
treatments are being explored and they have attracted the attention of many food manufacturers 
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and research institutions.  
Some non-thermal processing developed in last decades include physical treatments such as 
irradiation, high pressure, pulsed electric fields, intense light pulses, ultrasound and ultraviolet 
radiation; chemical and biochemical treatments such as the application of organic acids, 
antimicrobials, ozone, electrolyzed oxidising water, chlorine dioxine, etc. It is important to note 
that each of these treatments have its own advantages and disadvantages, and their practical 
application in food industry will depend on their own characteristics and compositions of the 
food products, but also the pathogens related to the food product. In some cases, the successful 
application of these non-thermal food processing treatments is connected with its high intensities 
to inactivate sufficient number of microorganisms and/or spores to reach required level of 
microbial safety. These high intensities can still provoke some unacceptable changes in food 
properties. For example, high hydrostatic pressure can cause the alteration of protein and 
polysaccharide structure, and therefore causing texture changes, sensorial appearance and 
functionality (Considine, Kelly, Fitzgerald, Hill, and Sleator, 2008). Therefore, the possible 
solution to minimise limitations and drawbacks of non-thermal treatments is to combine lower 
intensities of non-thermal treatments with low temperature, mild heat, modified atmosphere 
packaging, antimicrobial agents or other preservation treatments, in order to obtain sufficient 
shelf-life and product safety with minimal loss of food quality. A great number of scientific 
literatures have been published lately covering the subject of combined technology, which 
indicated the importance, popularity and potential of this concept to be applied in the food 
industry.  
2. Combined treatments  
The usage of multiple barriers such as traditional and/or non-thermal preservation treatments to 
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preserve food and to form food environment that microorganisms should not be able to overcome 
is known as a hurdle technology. In literature the term hurdle technology is used in parallel with 
the terms such as combined methods, combined processes, combined preservation, combination 
techniques, barrier technology, and intervention technology (Javier Raso and Barbosa-Cánovas, 
2003; Ross, Griffiths, Mittal, and Deeth, 2003).  
This concept of intelligent technology was launched in 1978 by Lothar Leistner at the Federal 
Centre for Meat Research in Kulmbach, Germany, initially designed to improve the safety of 
meat products, such as mildly heated fresh-like meat stored without refrigeration. As a results of 
applied intelligent combination of hurdles, shelf-stable sausage was produced (Leistner and 
Gorris, 1995). Several categories of these shelf-stable meat products have evolved, which are 
present in large quantities on the German market. As a result of applied hurdle technology, a 
shelf stable pork sausage was produced to be stable during storage at ambient temperature of 
37°C. The applied hurdles included low pH, low water activity, vacuum packaging and post 
package reheating (Thomas, Anjaneyulu, and Kondaiah, 2008). Chawla and Chander (2004) also 
reported successful combination of hurdles for the production of ready-to-use shelf stable meat 
products, mutton kababs. The combination consisted of water activity lower than 0.85 that 
affected the growth of challenge organisms such as Clostridium sporogenes and Staphylococcus 
aureus, but also reduced Bacillus cereus counts during storage, together with irradiation which is 
used to eliminate pathogenic microorganisms, yeast and moulds in meat product. This concept is 
not limited only to meat products, but to wider range of food such as fruits and vegetables, and 
the products thereof, dairy, poultry, fish, bakery products, etc.  
Even before this concept was first released by Leistner using this particular term, food 
preservation by combining several preservation factors have been used in food processing. One 
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simple example is the preservation of fruit jams, in which high temperature, low pH of fruits, 
low water activity obtained by initial sugar from fruits and added sugar during processing, and 
anaerobic packaging are used to reduce currently present microorganisms as well as to suppress 
the growth of survivors during shelf-life at room temperature. Nevertheless, the long-term 
preservation of meat, dairy, or fish products at refrigerated temperature or even at ambient 
temperature is more challenging.  
Chilled food products are foods that have received minimal processing with an improved but still 
limited shelf life in which refrigeration is a key preservation measure. These foods include 
conventional products, such as luncheon meats and cured meats, seafood, egg, and vegetable 
salads, fresh pasta and pasta sauces, other sauces, soups, entrees, complete meals, and uncured 
meat and poultry items. In the case of chilled foods which are initially heat treated, the heat 
treatment is less than required for the commercial sterility. The combined preservation factors 
might be used as a preventive measure for the storage of these foods, which introduces additional 
and preventive hurdles into the production of chilled food in order to avoid worst case scenarios 
– temperature abuse, that might occur during cold chain. Additional hurdles such as modified 
atmosphere packaging, might backup the situation where temperature abuse occurs and therefore 
play role of safeguards in chilled foods, ensuring that they remain microbiologically stable and 
safe during storage in retail as well as at home storage (Leistner and Gorris, 1995). The 
effectiveness of the combination of hurdles used for chilled food products need to be verified 
within the appropriate challenge studies. 
As mentioned earlier, the individual hurdle applied at specific intensity might be ineffective, but 
when using several hurdles together, their effect can be additive or even synergistic and therefore 
the target organisms fail to sustain during shelf life. It is assumed that the hurdles that will affect 
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the same elements within the cell have only an additive inhibitory effect (Leistner, 1992, 1994). 
When different cellular targets are attacked, the synergistic effect can be obtained as the 
organisms will not be able to repair simultaneously each damage that occur in the microbial cell, 
and also the activation of stress shock proteins will be more complicated (Leistner, 2000). If the 
initial treatment induce cellular damage that will make cells more sensitive to subsequent or 
simultaneous treatments, the lethal effect will be greater than the simple addition of individual 
effect of each hurdle and synergistic effect will be obtained. For example, Pulsed Electric Fields 
(PEF) treatment and acidification with organic acids may result in synergistic effect for 
Escherichia coli (X. I. A. Liu, Yousef, and Chism, 1997), as PEF might increase the permeability 
of cell wall and membrane, and on this way allow easier penetration of undissociated acids into 
bacterial cells. However, the opposite effect may also occur when one treatment induced 
increased resistance of bacterial cells for the subsequent treatments, and the lethal effect of 
combined treatment is lower than individual effects. This is called an antagonistic effect. The 
low water activity sometimes may result in increased resistance against heat treatment. This 
effect is also seen thought adaptation or cross protection, when the part of bacterial population 
survive exposure to stress, which results in a protection against the subsequent lethal treatments, 
including stresses to which bacteria have not been previously exposed. The acid adaptation of E. 
coli O157:H7 cells resulted in bacterial protection against heat and osmotic stress. High 
hydrostatic resistant mutants of Listeria monocytogenes showed more resistance against heat, 
acid and H2O2 treatments compared to wild type strains (Karatzas and Bennik, 2002). 
Sometimes applying a specific hurdle at lower intensities can induce cellular damages, which 
trigger the metabolic pathways that provide the better survival under following conditions and 
treatments.  
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Recently, Lee and Kang (2009) reported that various combinations of salt, heat and acid resulted 
in completely different results. The outcome of combined salt and heat was seen as an additive 
effect, combination of acid and heat resulted in synergistic effect, while in combination of salt 
and acid, salt gave protection against acid treatment and thus resulted in antagonistic effect, 
giving lower reduction of E. coli O157:H7 in the combined treatment than in an individual 
treatment. Under combined stressful conditions applied during food preservation, pathogenic 
cells might show various responses and sometimes instead of being advantage approach become 
problematic for the application in food industry.  
3. Microbial stress response  
Bacterial cells present in food are subjected to various stresses of physical, chemical and 
biological origin, which might occur throughout the food chain and consequently lead to 
different level of bacterial damage/injury. In order to survive sudden, potentially lethal changes 
in the environments that they encounter, bacteria must be able to sense and respond rapidly and 
appropriately to a vast array of stresses. Response to stress and maintenance of the constant 
internal environmental in bacterial cells is an active process and requires the expenditure of 
energy. Due to stress, induced via environmental and processing conditions, different 
modification may occur in cells to sustain stress, such as maintenance of intracellular pH (e.g. 
acid stress or lowered pH), modified cell membrane to maintain satisfactory fluidity (e.g. low 
temperature), enzymatic protection from oxygen-derived free radicals (e.g. high oxygen 
atmosphere), repair of single-strand breaks in DNA (e.g. ionising radiation). However, 
homeostasis might be disturbed when several stresses/hurdles are applied and cells will have less 
available energy for functioning and repairing disturbed homeostasis. As a consequence lag 
phase will be prolonged, and when homeostasis is not re-established the bacterial cell might die. 
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Therefore the successful, multi-target combination of preservation treatments (non-thermal and 
traditional) should be the most efficient, with the aim to attack and disturb cells in several ways, 
and different sites of the cells to be perturbed, such as cell wall, membrane transport, signal 
transduction, enzyme system, control of gene expression, etc.  
It is the aim to prevent possibility of bacterial cells to adapt to new environment, to make 
resistance or cross protection against antimicrobial agents and different hurdles. Therefore it is 
not an easy job to create a sequence of hurdles that will answer and fulfill all requirements for 
producing safe and nutritional food.  
4. Available hurdles  
The most important hurdles used in food industry are temperature (high and low), water activity, 
acidity, redox potential, selected competitors, and usage of preservatives. Nevertheless, along 
with these traditional and commonly used hurdles/preservative factors, the list of hurdles is much 
longer with more than 60 hurdles which were identified to be appropriate for foods of animal or 
plant origin. Leistner and Gorris (1995) divided hurdles to be used in food industry into four 
different categories, namely:  
- Physical hurdles (high and low temperature, ionizing radiation, high pressure, 
ultrasonication, ultraviolet radiation, modified atmosphere packaging, packaging films, 
aseptic packaging, etc.),  
- Physicochemical hurdles (low pH, low water activity, organic acids, phosphates, salts, 
smoking, sodium nitrate/nitrite, sodium suphite, potassium suphite, oxygen, ozone, 
species, herbs, surface treatment agents, etc.),  
- Microbial  derived hurdles (competitive flora, protective cultures, antibiotics, 
bacteriocins), and  
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- Miscellaneous hurdles (free fatty acids, chlorine, chitosin). 
Each food product requires specific combination of hurdles, depending on the various factors, 
such as the initial microbial load of the product that will be preserved, intrinsic factors of the 
food products and favourable conditions within the food for the growth/survival of 
microorganisms, but also the targeted shelf life of the food products will influence in great deal 
the possibility to combine different hurdles. Hurdles may have multiple functions in food; in 
some cases hurdles may play a role of preservative factor and at the same time influencing the 
quality of food, such as products of Maillard reaction (Leistner and Gorris, 1995). One hurdle 
may have positive or negative effect depending on the level of intensity applied. For example, 
low pH is favourable to prevent pathogen growth and/or survival, but at same time food with 
very low pH might be inappropriate for human consumption.  
Hurdles may be applied in a sequence, such as a series of different processing steps/hurdles, or 
simultaneously one hurdle at a time. Some studies showed that the order of applied hurdles may 
have an influence on the effectiveness of the combination. In the study of the inactivation 
efficiency of combined PEF and Manothermosonication (MTS) for the control of Listeria 
innocua in a smoothie type beverage, the sequence in which these two treatments were applied 
was found to have a significant impact on the level of microbial reduction. When MTS was 
followed by PEF, the log reduction of L. innocua was 5.6 CFU/mL compared to 4.2 CFU/mL for 
the reverse sequence (Palgan, et al., 2012). The obtained results may be due to greater cell 
damage induced by MTS when applied as a first hurdle, through cavitation, possibly causing 
increased susceptibility to the subsequent PEF treatment.  
Although hurdle technology with traditional preservation treatments are often found in food 
industry, this hurdle concept gain more attention after the novel non-thermal preservation 
  
10 
 
treatments were introduced in the food industry and their benefits attracts the producers. As for 
all combined treatments, a good understanding of mechanism of inactivation of each of the 
treatments is very important and seems to be crucial in order to achieve additive or synergistic 
effect (Leistner, 2000). The exact mechanism of inactivation for most of novel non-thermal 
preservation treatments is still not completely understood, while assumptions are made for most 
of them (Rajkovic, Smigic, and Devlieghere, 2010). Regarding the understanding of emerging 
food preservation treatments, the unknown field still remains the microbial cell physiological 
responses. Microbial response is very complex and more difficult compared to traditional 
preservation factors. In addition, the characteristics of individual hurdle applied can change over 
time in both directions, either to increase or decrease in its values. Even though mechanisms of 
inactivation are still missing, much non-thermal preservation are combined in a successful way 
and obtained results are promising. Some of the recent studies will be presented in this chapter. 
Non-thermal treatment might result in incomplete inactivation of microorganisms and remaining 
population of sub-lethally injured cells. The ability of injured bacterial cells to resuscitate and 
resume growth under favorable conditions, when and if they occurred depends on the type and 
level of the injury, type of the microorganism as well as the conditions in the surrounding 
environment (Rajkovic, et al., 2009; Smigic, et al., 2009; Smigic, et al., 2010; Tiganitas, Zeaki, 
Gounadaki, Drosinos, and Skandamis, 2009; Van Houteghem, et al., 2008). In addition to the 
inactivation technologies applied to foods, both microbial growth and survival can be influenced 
by different intrinsic factors of the food. This further means that intrinsic factors (water activity, 
pH, nutrients), alone or combined with the extrinsic factors (modified atmosphere, temperature, 
humidity), can enhance or inhibit recovery and growth of microbial cells. Therefore, the safety 
and stability of food can be improved using an appropriate combination of several factors that 
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will prevent survivial and proliferation of sub-lethally injured cells.  
5. Non-thermal preservation treatments and hurdle technology  
The commercial application of novel non-thermal preservation treatments can be improved by 
improving their effectiveness in obtaining safe food. This can be improved by combining with 
other processing. Due to the fact that each non-thermal process has different mechanism of 
microbial inactivation, the appropriate combinations with other treatments will be also different, 
without general rules and application. 
5.1.Combined treatments – High pressure processing  
High pressure processing (HPP) has a considerable potential to be an alternative to thermal food 
preservation, due to its ability to reduce microbial load in food products, without altering the 
organoleptic characteristics of food. It is energy efficient, and is employed to destroy 
contaminants using an isostatic pressure between 100 and 600 MPa. The inactivation mechanism 
of HPP proceeds through low energy and does not promote formation of unwanted chemical 
compounds, or free radicals. The microbial inactivation is mainly related to the inactivation of 
cell membrane, such as modification in permeability and ion exchange. Some changes in cell 
morphology and biochemical reactions, protein denaturation and inhibition of genetic 
mechanism may occur in microbial cells as a result of this treatment. Different microorganisms 
show different level of resistance against high pressure processing (Mújica-Paz, Valdez-Fragoso, 
Samson, Welti-Chanes, and Torres, 2011; Torres and Velazquez, 2005). 
Combination of high pressure treatment with other physical and chemical treatments was often 
investigated and tested in different food products, with the aim to reach lethality effect which is 
greater than of either treatment alone. As the population of sub-lethally injured cells may occur 
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after the application of high pressure (Rajkovic, et al., 2010; Wesche, Gurtler, Marks, and Ryser, 
2009), these sub-lethally injured cells may be more sensitive to other treatments (Hauben, et al., 
1997), and synergistic effects have been determined when HPP was combined with mild heat, 
antimicrobials, essential oils, pulsed electric fields, irraditation or ultrasonication. 
5.1.1. High pressure and mild temperature 
Although many HPP treatments are usually performed at ambient temperature, a study of 
Kalchayanand, Sikes, Dunne, and Ray (1998) showed that an increase or decrease of temperature 
resulted in greater inactivation level of different pathogens. The bacterial cells are less sensitive 
to the pressure treatment combined with temperature between 20-30°C, but above 30°C they 
become more sensitive, probably due to phase transition of membrane lipids (Kalchayanand, et 
al., 1998). Combining pressure treatment with 30°C resulted in 6 log CFU/mL reduction of E. 
coli O157:H7 (Linton, McClements, and Patterson, 1999a, 1999b). The combination of HPP and 
higher temperature of 50°C during 5 min resulted in greater reduction (>8 log) for Bacillus spp., 
L. monocytogenes, E. coli O157:H7, S. aureus and Salmonella in orange juice and pasteurized 
milk, with exception of one S. aureus strain reduced only by 5.5 log in pasteurised milk (Alpas 
and Bozoglu, 2000). Recently, Neetoo, Pizzolato, and Chen (2009) investigated the effectiveness 
of HPP treatment combined with mild temperature to eliminate population of E. coli O157:H7 
inoculated on aflafla seeds and to determine the effect of these processes on the seeds viability. 
They found that the temperature play a significant role in the inactivation level, as 550 MPa for 2 
min combined with 40°C eliminated population E. coli O157:H7 for 5 log units, without altering 
aflafla seeds viability. 
Regarding the bacterial spores, the greater level of lethality is attributed to HPP treatments at 
higher temperatures mainly through the germination and later loss of heat resistance (Javier Raso 
  
13 
 
and Barbosa-Cánovas, 2003). It has been reported that the pressure between 50 and 250 MPa 
triggered the germination of B. subtilis and B. cereus spores (Murrell and Wills, 1977; 
Paidhungat, et al., 2002). The subsequent heat treatment using temperatures as low as 80°C 
could inactivate bacterial spores efficiently without intensive heating. According to the results 
presented in the report of Gao, Ju, and Jiang (2006), reduction level of 6 log could be obtained 
for combination of temperature of 87°C, 576 MPa during 13 minutes, for B. subtilis spores. The 
study of Bull, Oliver, van Diepenbeek, Kormelink, and Chapman (2009) reported that the 
synergistic effect of inactivation Clostridium botulinum spores is strain and product type 
dependent.  
5.1.2. High pressure and antimicrobials 
The combination of HPP treatment with antimicrobial agents can improve the effectiveness of 
the pressure treatment without altering food quality (Javier Raso and Barbosa-Cánovas, 2003). 
The synergistic effect was observed when 250 MPa was combined with lacticin 3147 against S. 
aureus and L. inoccua in milk (Morgan, Ross, Beresford, and Hill, 2000). Single treatments 
resulted in 2.2 and 1 log reduction for pressure and bacteriocin treatment, respectively, while 
combination resulted in >6 log reductions. Combining HPP and nisin gave a greater inactivation 
of E. coli, Pseudomonas fluorescens, L. innocua and Lactobacillus viridescens in milk than when 
either of the treatment was applied individually (Black, Kelly, and Fitzgerald, 2005). Several 
studies reported the effectiveness of PEF treatment and antimicrobials (Table 1) (Alpas and 
Bozoglu, 2000; Monfort, et al., 2012; Ponce, Pla, Sendra, Guamis, and Mor-Mur, 1998; Zhao, et 
al., 2013). The synergistic effects observed between HHP and antimicrobials might be due to the 
damage that high pressure induces to cells and easier entrance of antimicrobials molecules into 
the pressure treated cells.  
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No viable cells were determined when pediocin AcH (3000 AU/mL) was combined with high 
pressure treatment (345 MPa) at 50°C for 5 min (Kalchayanand, et al., 1998). When lower 
temperature of 25°C was applied, the results indicated additional reduction of 0.6-2.1 log 
CFU/mL above the effect of bacteriocins alone or HHP treatment alone in S. aureus, L. 
monocytogens and E. coli O157:H7.  
(insert Table20-01.doc here)  
The effect of combined HHP (400 MPa) and enterocin LM-2 (2560 AU/g) on the refrigerated 
shelf life of sliced cooked ham was evaluated during storage of 90 days at 4°C (G. Liu, et al., 
2012). The results obtained in this study indicated that this combination inactivated L. 
monocytogenes and S. enteritidis and completely inhibited the growth of surviving bacterial cells 
of sliced cooked ham and extend the shelf life of refrigerated sliced ham, without affecting 
sensorial properties of food. 
Similarly, the synergistic effect can be obtained when high pressure treatment was combined 
with essential oils and their chemical constitutes due to similar and joint effect on the microbial 
structure (Espina, García-Gonzalo, Laglaoui, Mackey, and Pagán, 2013; Gayán, Torres, and 
Paredes-Sabja, 2012). The possible mechanism of inactivation by this combined treatment 
suggested that the HPP treatment leaves the population of sub-lethally injured cells due to 
temporary disturbed membrane, while essential oils might also disturb cytoplasmic membrane 
which resulted in increased membrane permeability, pH gradient in the cells that might decrease 
and modification of osmoregulatory functions (Gayán, et al., 2012). 
5.2.Combined treatments – Pulsed electric field  
Pulsed electric field (PEF) is considered as a potential and promising non-thermal treatment for 
food preservation. Microbial inactivation is mainly connected to the electromechanical instability  
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and irreversible electroporation of the bacterial cell membrane, which occurred after microbial 
exposure to high-voltage PEFs and leads to the leakage of intracellular content and eventually 
cell lyses (Jeyamkondan, Jayas, and Holley, 1999). The application of PEF treatment is restricted 
only to the foods that can sustain high electric fields, have low electrical conductivity and have 
no bubbles. These are the reasons for quite limited number of foods in which PEF was 
successfully applied, and they are mainly fruit juices, liquid eggs, fruit smoothies, fermented 
beverages and milk and dairy products (Martín-Belloso and Sobrino-López, 2011). 
Along with many studies that investigated the type of PEF equipment used, treatments 
parameters, media/food processed, target microorganism, lately the research is mainly focused 
on the possibility to obtain greater reduction level when PEF is combined with other 
preservation. The combination of PEF with other treatments may be more effective than 
individual treatments, especially with those treatments that affect the cell membrane integrity. 
Synergistic and/or additive effect was determined when PEF treatment was combined with mild 
heat treatment, different antimicrobials, ultraviolet light, etc. 
5.2.1. PEF and mild temperature 
PEF treatment can inactivate microorganisms at non-lethal temperatures. The possible 
explanation for this is laying down in the fact that the mild heat treatment causes loss of cell 
membrane integrity and elasticity as a result of transition of membrane phospholipids from gel to 
liquid crystalline structure and therefore become more sensitive to PEF treatment. Several 
studies reported the effectiveness of PEF treatment at non-lethal temperature levels (Table 2) 
(Amiali, Ngadi, Smith, and Raghavan, 2007; Bazhal, Ngadi, Raghavan, and Smith, 2006; 
Fleischman, Ravishankar, and Balasubramaniam, 2004; Jin, Zhang, Hermawan, and Dantzer, 
2009; Ravishankar, Fleischman, and Balasubramaniam, 2002; Reina, Jin, Zhang, and Yousef, 
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1998; Walkling-Ribeiro, Noci, Cronin, Lyng, and Morgan, 2009a; Walkling-Ribeiro, et al., 
2008). However, the underlying mechanism by which PEF sensitivity increases with temperature 
is not completely understood. 
(insert Table20-02.doc here)  
When native microbita in whole raw milk was treated with the combined effect of heat (50°C) 
and PEF (40 kV/cm, 33μs) similar reduction level up till 6.0 log CFU/mL was obtained being 
almost the same to the reduction obtained by thermal pasteurization only (72°C during 26s, 6.7 
log CFU/mL).  Nevertheless, this combined treatments resulted in longer microbiological shelf-
life of 21 days at 4°C, than shelf life of thermally treated milk of only 14 days at 4°C (Walkling-
Ribeiro, et al., 2009a).  
Due to aggregation of egg protein at temperature of 56°C, the mild heat treatment combined with 
PEF can be effectively used for the production of safe liquid eggs. Bazhal et al. (2006) 
investigated the combined PEF treatment and mild temperature in whole liquid eggs, and they 
determined 2.5 log CFU/mL reduction of E. coli O157:H7 when temperature of 55°C was 
applied with PEF of 15, 11 and 9 kV/cm. With an temperature increase up till 60°C reductions 
level increased up till 3.5-4 log CFU/mL (Bazhal, et al., 2006). The reduction level of 3 log 
CFU/mL of S. Typhimurium in liquid whole egg was observed after application of PEF (25 
kV/cm, 250 μs) combined with mild temperature of 55°C. This obtained reduction level was 
comparable with the one obtained by solely heat treatment of 60°C during 3.5 min (Jin, et al., 
2009). Therefore, the combination of PEF treatment with mild heat resulted in reduced liquid egg 
pasteurization temperature while achieving similar reduction of the observed pathogen, making 
this hurdle technology applicable in food industry. 
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5.2.2. PEF and antimicrobials  
Combinations of PEF and antimicrobials have been reported to be effective in inactivating 
different pathogens and spoilage microorganisms. The mechanism of inactivation is still not 
completely clear, but it is assumed that PEF treatments allow antimicrobials to enter easier 
through the cell membrane and react inside the cell interior (Calderón-Miranda, Barbosa-
Cánovas, and Swanson, 1999; Dutreux, et al., 2000). Although antimicrobials are mainly applied 
against Gram-positive bacteria, due to the outer lipopolysaccharide component of the membrane 
of Gram-negative bacteria that prevents antimicrobial components to access the cytoplasmic 
membrane or peptidoglycan layer (Helander and Mattila-Sandholm, 2000), they might be also 
applied against Gram-negative bacteria using hurdle concept and combination with PEF 
treatment. It is assumed that the effectiveness of these antimicrobials is improved due to initial 
disturbing the barrier properties of the outer membrane by PEF treatment (Smith, Mittal, and 
Griffiths, 2002). 
McNamee et al. (2010) reported synergistic effect of PEF treatment (40 kV/cm, 100 μs, max 
temperature 56°C) combined with 2.5 ppm of nisin in orange juice. This combination reduced a 
population of L. inoccua and E. coli K12 for 5.6 and 7.9 log CFU/mL, respectively, which was 
1.7 and 0.8 log CFU/mL greater than the sum of the individual treatments (McNamee, et al., 
2010). Similar was determined when PEF treatment, which consisted of 80 kV/cm and 20 pulses 
was combined with 100 IU/mL nisin in tomato juice. The obtained reductions in natural 
microbiota were greater than the sum of individual treatments (Nguyen and Mittal, 2007).  
Additionally, the effect of combined PEF treatment and nisin against Gram-positive bacteria 
seems to be dependent on the temperature. The additive or slightly synergistic effect was 
observed for L. monocytogenes at all tested temperatures (Saldana, Minor-Perez, Raso, and 
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Alvarez, 2011). However, this effect was synergistic for S. aureus only at low temperatures and 
tended to disappear with a temperature increase. The authors reported 4.5 and 5.5 log CFU/mL 
reduction in the populations of S. aureus and L. monocytogenes, respectively, in a laboratory 
medium of pH 3.5 in the presence of 200 μg/mL of nisin at 50°C (Saldana, et al., 2011).  
Some researchers also investigated if the sequence of the preservation factors may induce 
different results, and it seems that for some preservation factors, the order of application is very 
important. Gallo et al. (2007) showed in their work that the initial exposure of L. innocua to PEF 
treatment and subsequent exposure to nisin resulted in an antagonistic effect on bacterial 
inactivation. It is supposed that this might be due to the changes in the cell envelope and 
modifications of the medium caused by the application of PEF treatment. Therefore, the 
inactivation effect of nisin was reduced, showing an increase in the resistance of L. innocua to 
nisin. The opposite order of preservation factors, the addition of nisin prior to PEF treatment 
exhibited an additive and slightly synergistic effect, indicating the possibility of binding nisin to 
the cell membrane which resulted in greater susceptibility of the microorganism to PEF 
treatment (Gallo, et al., 2007). However, Calderón-Miranda, et al. (1999) reported no effect of 
sequence of order of nisin and PEF treatment in milk, while many researchers have not included 
in their reports the investigation of effect of sequence of order. 
The combined effect of lactic acid (500 ppm) and PEF (40 kV/cm, 100 μs, 56°C) was found to 
have synergistic effect against Pichia fermentans, a spoilage yeast in orange juice (McNamee, et 
al., 2010). The authors reported 7.8 log CFU/mL reduction, which is 3.1 log CFU/mL greater 
than the sum of individual treatments. The possible explanation for this synergy can be found in 
the simultaneous influx of lactic acid molecules and hydrogen ions into the microbial cytoplasm 
and the increased permeability of membrane due to PEF treatment. The combination of benzoic 
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acid (100 ppm) and PEF treatment inactivated P. fermentans in an additive manner, since 5.5 log 
CFU/mL reduction was not significantly different from the sum of the effects of individual 
treatments (5.6 log CFU/mL) (McNamee, et al., 2010).  
Similarly to the synergistic effect of essential oils and HPP, these oils have also shown 
synergistic effect when combined with PEF treatment. Outstanding synergistic lethal effects 
were determined using mild heat (54°C, 10 min) or PEF (30 kV/cm, 25 pulses) combined with 
0.2μl/ml of most essential oils tested, against E. coli O157:H7 and L. monocytogenes in apple 
and orange juice (Ait-Ouazzou, et al., 2011; Ait-Ouazzou, et al., 2012) 
5.3.Combined treatments – Ultrasound 
Ultrasound treatment is one of the emerging non-thermal methods used in food industry. It 
involves the application of high-intensity ultrasonic waves which causes cavitation of the cells, 
and even low intensity ultrasound may result in modification of cells’ metabolism, thinning the 
membrane, localized heating and production of free radicals. Cavitation is the formation of vapor 
bubbles of a flowing liquid in a region where the pressure of the liquid falls below its vapor 
pressure. Ultrasound obtained special attention when combined with external hydrostatic 
pressure within the name manosonication (MS), which resulted in greater level of lethality. Also, 
the successful combination of ultrasound and heat was determined, within the name 
thermosonicaiton (TS) or combination of ultrasound, pressure and heat, manothermosonication 
(MTS). The enhanced mechanical disruption of cells is the reason for the enhanced lethality 
when ultrasound is combined with heat or pressure.  
5.3.1. Ultrasound and mild temperature 
The inactivation effect of ultrasound increased when applied with mild temperatures (40-70°C) 
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(J. Raso, Pagán, Condón, and Sala, 1998). A study of Czank et al. (2010) reported that the TS 
(150 W, 20 kHz at 45 and 50ºC) was more effective in inactivating E. coli and Staphylococcus 
epidermidis compared to ultrasound treatment alone in human milk. The combination of sub-
lethal temperatures of 40, 45 and 50ºC and ultrasound (20 kHz, 0.46 W/mL up to 20 min) was 
more effective in inactivating E. coli in apple cider, than the thermal treatment alone (Ugarte-
Romero, Feng, Martin, Cadwallader, and Robinson, 2006). Even more, the quality characteristics 
of cider were not significantly affected. The effect of ultrasound and mild temperature of 50 and 
60°C on E. coli O157:H7 and S. Enteritidis were investigated in mango juice (Kiang, Bhat, 
Rosma, and Cheng, 2013). Their results showed that mango juice samples treated with sonication 
(25 kHz and 200 W) at 60°C during 7 min resulted in approx. 5 log CFU/mL reduction of E. coli 
O157:H7, whereas this was only 4.4 log CFU/mL reduction when thermal treatment alone was 
applied. Greater reduction level of approx. 9 log CFU/mL was determined for S. Enteritidis after 
3 and 7 min with sonication at 60 and 50°C, respectively, indicating that S. Enteritidis is more 
susceptible to this combination that E. coli O157:H7. Synergistic effect between ultrasound and 
mild heat was also confirmed in the study of Wordon et al. (2012).  
It has been shown that the combined use of ultrasound, moderate heat and pressure may improve 
the bactericidal effect in either an additive or synergistic way (H. Lee, Zhou, Liang, Feng, and 
Martin, 2009). These authors investigated the effect of ultrasound (20 kHz, 124 μm aplitude), at 
40, 47, 54 and 61°C and 100, 300, 400 and 500 kPa on inactivation level of E. coli in phosphate 
buffer. The combination of lethal effects significantly shortened time which was needed to obtain 
5 log CFU/mL reduction. More efficient was TS and MTS compared to MS and ultrasound. The 
effect of simultaneous application of heat and ultrasonic waves under pressure (MTS) on the 
inactivation of Cronobacter sakazakii in apple juice was studied by Arroyo et al. (2012). Their 
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results indicated that temperature below 45°C showed no effect on the inactivation level of 
pathogen and that the synergistic effect was observed in the temperature range from 45 till 64°C, 
with the maximum obtained at 54°C. They also determined that the cells that survived MTS 
treatment showed decrease in number during subsequent storage of apple juice under 
refrigeration. 
5.3.2. Ultrasound and antimicrobials  
The combination of naturally occurring and synthetic antimicrobials with non-thermal processing 
techniques has been proven to be effective in microbial inactivation, although the limited number 
of publication is available regarding combination of ultrasound and antimicrobial agents. High-
intensity ultrasound combined with mild heat treatment and natural antimicrobials may be an 
effective in inactivating L. monocytogenes in orange juice as reported by Ferrante et al. (2007). 
The treatment involved combination of moderate temperature (45°C), high-intensity ultrasound 
(600 W, 20 kHz), and the addition of different levels of vanillin (0, 1,000, 1,500, and 2,000 
ppm), citral (0, 75, and 100 ppm), or both. The presence of antimicrobial agents increased the 
bactericidal effect of ultrasound and when both antimicrobials were applied with ultrasound. 
Also, the greatest multi-target inactivation effect that was observed between 45 and 55°C, when 
combination of ultrasound, vanillin and temperature was combined against L. monocytogenes 
(Gastélum, Avila-Sosa, López-Malo, and Palou, 2012).  
Low-weight chitosan (1000 ppm) was used in combination with high-intensity ultrasound (20 
kHz, 45°C) against Saccharomyces cerevisiae. The obtained results indicated that the addition of 
chitosan enhanced the inactivation by ultrasound (Guerrero, Tognon, and Alzamora, 2005). This 
is especially important having in mind the fact that yeast are resistant to ultrasound, and on the 
other side low acid fruit juices are favourable for molds and yeast. The obtained combination can 
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be promising for minimally processed fruit beverages. 
The combined treatment of ultrasound with organic acids (malic acid, lactic acid, and citric acid) 
was effective at increasing reduction of E. coli O157:H7, S. Typhimurium, and L. 
monocytogenes on the surface of lettuce compared to treatment with organic acids alone without 
significantly affecting quality of organic fresh lettuce (Sagong, et al., 2011). They suggested that 
the obtained results are mainly attributed to cavitation caused by ultrasound removed pathogens 
from lettuce leaves and simultaneously enhanced the access of organic acids to sites of the levees 
not easily assessable such as cut surfaces, punctures, and cracks in produce surfaces. Therefore, 
this combination can be used in food industry to increase the microbial safety of fresh produce.  
5.4.Combined treatments – Intense light pulses  
Intense light pulses (ILP) is one of the emerging non-thermal treatments investigated to be an 
alternative to the traditional thermal treatments. The treatment is consisted of short high-intensity 
pulses of broad spectrum light (rich in UV-C light, the portion of electromagnetic spectrum 
corresponding to the band between 200-280 nm), that is used to inactivate microorganisms. The 
mechanism of inactivation is mainly related to its photochemical effect, which includes the chemical 
modification and cleavage of DNA and dentauration of proteins. 
Only limited research is available regarding the combined treatments with intense light pulses. 
Uesugi and Moraru (2009) has recently evaluated the effect of combined pulsed light and nisin 
on the inactivation of L. innocua in ready-to-eat canned sausages. Nisin at concentration of 5000 
IU/ml alone resulted in 2.35 log CFU, pulsed light (9.4 J/cm2) alone reduced L. innocua by 1.37 
log CFU. The combined pulsed light and nisin resulted in a significantly greater reduction 
compared with that achieved with the individual treatments. This indicates that pulsed light and 
nisin could have an additive effect on ready-to-eat sausages. The additive effect of these two 
  
23 
 
treatments was pronounced during further storage at 4°C, resulted in total reduction of 4.03 log 
CFU after 48h storage at 4°C. The authors suggested that this combination of non-thermal 
treatments might be used as an effective step in the production of ready-to-use foods (Uesugi and 
Moraru, 2009).   
5.5.Combinations of non-thermal treatments 
Non-thermal treatments are often combined with antimicrobials, mild heat or low pH, but often 
they are combined with each other. These combinations may only be successful if the adequate 
level of inactivation is obtained, and if the treatments are compatible in adequate technical ways. 
Additive effect of PEF (11.3 pulses, 60 kV/cm, specific energy 162 J/ml) and UV radiation 
(length of 30 cm, treatment time of 1.8s, and flow rate of 8 mL/min) was determined in apple 
juice (Gachovska, Kumar, Thippareddi, Subbiah, and Williams, 2008). The observed reduction 
level of E. coli was 5.3 log CFU/mL. The same authors have not reported any synergistic effect 
of combined PEF and UV treatments in apple juice. Nevertheless, PEF applied with UV 
treatment in poultry chiller water resulted in >6 log CFU/mL of E. coli O157:H7 in poultry 
chiller water (Ngadi, Jun, Smith, and Raghavan, 2004). The authors reported synergistic 
antimicrobial effect between PEF and UV treatments, when PEF treatment with <50 pulses was 
applied, while only additive effect was seen with larger pulse number. The authors characterised 
this synergism as a results of complete inactivation of the injured cells resulting from the UV 
treatment up till 50 pulses (Ngadi, et al., 2004).  
When combination of UV pre-treatment was followed by PEF at 40 kV/cm, 100 pulses (1μs, 15 
Hz) in freshly squeezed apple juice, 7.1 log CFU/mL reduction of natural microbiota was 
observed (Noci, et al., 2008). The opposite order of applied hurdles (PEF followed by UV) gave 
6.2 log CFU/mL reduction level in apple juice. Although no synergistic effect was obtained, the 
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quality attributes of apple juice after combined treatments applied were similar to those observed 
in the milder heat process (72°C) and consistently superior when compared to the severe heat 
treatment (94°C), with the exception of enzyme inactivation. This indicates the potential for 
usage of combined treatments in the processing of freshly squeezed apple juice (Noci, et al., 
2008).  
The enhanced synergistic effect observed with the PEF (24 kV/cm with 89 pulses) and high 
intense light pulses (HILP with pulse length 360 μs, 3 Hz, 4J/cm2) sequence was applied against 
E. coli K12 in apple juice. This may be due to the greater damage to the cell membrane induced 
by PEF as a first hurdle, possibly causing increased susceptibility to the UV component of the 
subsequent HILP treatment. Nevertheless, the opposite order of treatment, meaning HILP and 
subsequent PEF resulted in only additive effect, being 4.95 log CHU/ml compared to 5.1 log 
CFU/ml summed individual effects of HILP and PEF (Caminiti, et al., 2011). 
It is very important to evaluate the right combination of different hurdles in specific food 
products, against pathogenic and spoilage bacteria which might be commonly found in that food 
product and might cause food safety or quality related issues. Therefore the studies investigating 
the effectiveness of the combined treatments on the microbiological safety, should also 
incorporate additional studies where adequate quality parameters and sensorial characteristics are 
tested (Mosqueda-Melgar, Raybaudi-Massilia, and Martín-Belloso, 2012). 
Recently, the improved microbial inactivation was reported when ultrasound was combined with 
other non-lethal emerging treatments, such as PEF. The study of Noci et al. (2009) showed that 
the pre-treatment of milk at 55°C followed by thermosonication (24 kHz, 400 W) and PEF (40 
kV/cm) resulted in reduction level of L. inoccua which is comparable with thermal 
pasteurization. The thermosonication treatment decreased severity of the temperature/time 
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exposure over thermal treatment alone. Similar was found for thermosonication treatment 
combined with PEF for orange juice (Walkling-Ribeiro, Noci, Cronin, Lyng, and Morgan, 
2009b). 
When manothermosonication (MTS, 100%, 160 ml/min, 200 kPa) was followed by PEF (34 
kV/cm, 32 ms), the log reduction of L. innocua in milk based smoothie, was 5.6 CFU/mL 
compared to 4.2 cfu/ml for the reverse sequence (Palgan, et al., 2012). When comparing the 
results obtained for MTS followed by PEF or the reverse sequence with the theoretical sum of 
reductions for each of the individual hurdles, the effect was found to be additive as the 
inactivation obtained by these hurdle combinations was not significantly different to the sum of 
the two hurdles used individually (5.7 CFU/mL) under the same conditions. The greater 
inactivation observed with the MTS + PEF sequence may be due to greater cell damage induced 
by MTS (as a first hurdle) through cavitation, possibly causing increased susceptibility to the 
subsequent PEF treatment (Palgan, et al., 2012). 
6. Final remarks 
Hurdle technology implies the combination of existing and novel, non-thermal preservation 
treatments to establish a series of various hurdles that microorganism should not be able to 
overcome (Leistner, 1992; Javier Raso and Barbosa-Cánovas, 2003). This is particularly 
important for the microorganisms and bacterial spores that are very resistant to applied 
inactivation treatments, and are a drawback for the application of non-thermal treatments. To 
apply principles of food preservation by combined processes correctly, an understanding of the 
mechanisms of action of the individual treatments alone and in its combination is needed. This 
will further allow justified and well balanced combination of hurdles in order to achieve desired 
level of safety and quality (Javier Raso and Barbosa-Cánovas, 2003). This approach of 
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combining hurdles will allow application of factors at lower intensities, instead of applying only 
one factor at such high intensity that causes severe changes in the quality of food. Selection of 
adequate non-thermal treatments is difficult and requires extensive evaluation. Although these 
treatments are useful in reducing pathogen prevalence and controlling microbial growth, they 
may not deliver complete inactivation of present pathogenic microorganisms. The advantage of 
using combined preservation treatments can be only seen in the case the multi-hurdles are 
carefully selected and applied in correct order, in such a way to cause metabolic exhaustion of 
surviving pathogenic cells, as a result of great expenditure of energy. Combination of treatments 
should be selected in a way that will not allow survivors from the first hurdle to successfully 
cope with a subsequent hurdle or with the final acid stress in stomach. Nowadays, combinations 
should be made based on the available information regarding the mode of action of specific 
treatment, in order to obtain the most successful combination. Nevertheless, more research and 
clarification in the field of resistance, cross-protection, damage and recovery is needed, as the 
effectiveness of the treatment combination can be overestimated, while contamination level 
underestimated in the case that injured bacteria are able to resuscitate into viable state (Jasson, 
Rajkovic, Baert, Debevere, and Uyttendaele, 2009).   
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